Treating chronic hepatitis C virus (HCV) infection using pegylated alpha interferon and ribavirin leads to
Treating chronic hepatitis C virus (HCV) infection using pegylated alpha interferon and ribavirin leads to sustained clearance of virus and clinical improvement in approximately 50% of patients. Response rates are lower among patients with genotype 1 than with genotypes 2 and 3 and among African-American (AA) patients compared to Caucasian (CA) patients. Using DNA microarrays, gene expression was assessed for a group of 33 African-American and 36 Caucasian American patients with chronic HCV genotype 1 infection during the first 28 days of treatment. Results were examined with respect to treatment responses and to race. Patients showed a response to treatment at the gene expression level in RNA isolated from peripheral blood mononuclear cells irrespective of degree of decrease in HCV RNA levels. However, gene expression responses were relatively blunted in patients with poor viral response (<1.5 log 10 -IU/ml decrease at 28 days) compared to those in patients with a marked (>3.5 log 10 -IU/ml decrease) or intermediate (1.5 to 3.5 log 10 -IU/ml decrease) response. The number of genes that were up-or down-regulated by pegylated interferon and ribavirin treatment was fewer in patients with a poor response than in those with an intermediate or marked viral response. However AA patients had a stronger interferon response than CA patients in general. The induced levels of known interferon-stimulated genes such as the 25-oligoadenylate synthetase, MX1, IRF-7, and toll-like receptor TLR-7 genes was lower in poor-response patients than in marked-or intermediate-response patients. Thus, the relative lack of viral response to interferon therapy of hepatitis C virus infection is associated with blunted interferon cell signaling. No specific regulatory gene could be identified as responsible for this global blunting or the racial differences.
Chronic hepatitis C virus (HCV) infection is a major cause of chronic liver disease and liver cancer (1, 2) . An estimated 170 million persons worldwide, including 3 million in the United States, are actively infected with HCV. The prevalence of HCV infection varies by race and ethnicity, HCV infection being two times more common in African-Americans (AA) than Caucasian Americans (CA). The incidence of hepatocellular carcinoma is also greater in AA (9) . The current recommended treatment for chronic HCV infection is the combination of pegylated alpha interferon (peginterferon) and the oral antiviral drug ribavirin given for 24 or 48 weeks (11, 15, 23, 31) . This regimen is effective in eradicating virus in 70 to 80% of patients with genotype 2 or 3 HCV infection, but in only 40 to 50% of individuals infected with genotype 1, the most common genotype in the United States. For unknown reasons AA are less likely to respond to interferon-based therapy of HCV infection than CA (18, 20, 25, 27) .
Alpha interferon mediates its antiviral and pharmacological effects by binding to type I interferon receptors on the cell surface membrane, which leads to transcription of up to 1,000 interferon-stimulated genes, presumably via the Janus-activated kinase 1 (JAK1)-STAT (signaling transducers of activation and transcription) signaling pathway (28, 30) . A potential explanation for a lack of response to interferon therapy of HCV infection is an underlying deficient cellular response to interferon with a blunted response to interferon signaling, this being more common among AA patients than CA patients. To test this hypothesis, global gene expression in peripheral blood mononuclear cells (PBMC) before and during the first 28 days of therapy with peginterferon and ribavirin was analyzed in a cohort of AA and CA patients with genotype 1 HCV infection. These patients were undergoing therapy in the Study of Viral Resistance to Antiviral Therapy for Hepatitis C (Virahep-C), a large, prospective, multicenter study designed to define the differences in response rates among AA and CA patients and to determine clinical, immunological, host genetic, viral genetic, and interferon cell signaling factors that were associated with lack of response to treatment (5) . The current analysis summarizes results of global gene expression in PBMC during the first 28 days of therapy, comparing patients with a marked (decrease of more than 3.5 log 10 at 28 days following treatment initiation), intermediate (1.4 log 10 to 3.5 log 10 decrease), or poor (Ͻ1.4 log 10 decrease) viral response.
MATERIALS AND METHODS
Patient treatment and samples. The Virahep-C study enrolled a cohort of 196 AA and 205 CA participants from eight U.S. clinical centers, who were recruited between July 2002 and December 2003. The institutional review boards of participating centers approved the protocol, and all patients gave informed, written consent for both the therapy and investigations of viral, immunological, and host cell-signaling responses. Eligible patients were naive to interferon and ribavirin treatment and had detectable HCV RNA in serum, and nearly all had a liver biopsy performed within the previous 18 months showing chronic hepatitis. Only patients who were born in the United States and designated themselves as "African-American/black" or "Caucasian/white" were eligible. The clinical protocol called for participants to be treated for up to 48 weeks with peginterferon-2a (Pegasys; Roche Pharmaceuticals, Nutley, NJ) in a dose of 180 g weekly by self-administered subcutaneous injection and ribavirin (Copegus; Roche) orally in a dose of 1,000 or 1,200 mg daily based on body weight of less than 75 kg or equal to or greater than 75 kg. Serum samples were tested for HCV RNA levels using a quantitative PCR-based assay (Cobas Amplicor HCV monitor test, version 2.0; Roche) on days 0 (pretreatment), 1, 2, 7, 14, and 28 and at weeks 12, 24, 48, and 72. PBMC were collected from patients before treatment (day 0) and on days 1 (after the initial supervised injection of peginterferon), 2, 7, 14, and 28. Treatment was discontinued at week 24 in participants whose serum was still HCV RNA positive by a sensitive qualitative PCR-based assay (Roche Cobas Amplicor HCV test, v2.0) that had a lower limit of sensitivity of 50 IU/ml. The primary end point of the study was a sustained virologic response, defined as lack of detectable serum HCV RNA in serum drawn 24 weeks after completing treatment. The overall results of this study have been published and demonstrated that the sustained virological response rate was higher among CA patients (52%) than AA patients (28%) and that the racial difference was not explained by clinical features such as age, gender, weight, severity of the underlying hepatitis, pretreatment viral levels, or amount of drug taken (6) .
From the Virahep-C cohort, 72 patients who did not have dose reductions of either peginterferon or ribavirin in the first 28 days of treatment were selected such that 12 patients of each race (CA and AA) were included by virologicalresponse category. The three categories of response were marked, defined as a decrease in HCV RNA levels of more than 3.5 log 10 IU/ml or to an undetectable level on day 28; intermediate, defined as a decrease of 1.4 to 3.5 log 10 IU/ml on day 28; and poor, defined as less than a 1.4 log 10 IU/ml decline on day 28 relative to baseline. These definitions were made a priori in an attempt to analyze the biological basis for virological responses. Of these, RNA adequate to provide gene expression information was not obtained from three patients.
PBMC preparation. PBMC were collected in sodium-heparin cell preparation tubes at day 0 (before treatment) and days 1, 2, 7, 14, and 28 after initiation of treatment. Whole blood was diluted with an equal volume (8 ml) of phosphatebuffered saline (PBS), carefully layered over a 10-ml Ficoll-Hypaque gradient (Amersham/Pharmacia, Piscataway, NJ), and centrifuged at 800 rpm for 20 min at room temperature. The buffy coat layer was transferred to a 15-ml RNase-free tube, diluted with PBS, and centrifuged at 100 ϫ g for 15 min at room temperature. The supernatants were discarded, and the PBMC were retained.
RNA extraction. Samples were shipped overnight by express courier at 4°C to a central repository, where RNA was isolated on arrival. The PBMC were lysed in 1 ml of TRI reagent (Molecular Research Center Inc., Cincinnati, OH). The PBMC lysate was mixed with 1-bromo-3-chloropropane phase separation agent for 1 min and incubated at room temperature for 15 min. After centrifugation for 15 min at 12,000 rpm and 4°C, RNA was precipitated from the supernatant overnight at Ϫ20°C with an equal volume of isopropanol and 1/10 volume of 7.5 M ammonium acetate. The precipitate was washed twice with 75% ethanol and then with 95% ethanol. RNA was briefly air dried and then further purified using RNeasy columns (QIAGEN, Valencia, CA). The amount and quality of RNA were determined by spectrophotometry and by electrophoresis through 1% agarose with ethidium bromide, and RNA quality was analyzed by the Agilent Bioanalyzer according to the manufacturer's instructions. Samples that did not show two clear bands of rRNA were discarded.
RNA labeling and hybridization. Preparation of cDNA and cRNA and labeling were carried out according to the protocols recommended by Affymetrix (Santa Clara, CA) in the GeneChip expression analysis technical manual, as previously described (34) .
Array analysis and data processing. The microarrays were scanned using a dedicated model 3000 scanner controlled by GCOS software. The average intensity on each array was normalized by global scaling to a target intensity of 1,000. Data were extracted using the Affymetrix Microarray Suite 5 (MAS5) algorithm and exported into a custom-designed database (MicroArray Data Portal) in the Center for Medical Genomics (Indiana University-Purdue University Indianapolis, Indianapolis). All DNA microarray chips were analyzed for unequal distribution or artifacts as described previously (4) . Any chip shown to be defective was corrected or dropped from the analysis.
The MicroArray Data Portal, in addition to its role as a database and analytical tool, is an informatics platform with active links from each sequence to (24) . Changes (n-fold) for each gene were calculated using the ratio of the MAS5 signals of the baseline and the posttreatment time. If the signal for the posttreatment time point was greater than the baseline the change was calculated as ϩaverage posttreatment /average baseline ; otherwise, the change was calculated as Ϫaverage baseline /average posttreatment . The asymptotic standard errors (ASE) were estimated using the delta method, and 95% confidence intervals were calculated by multiplying the ASE by 1.96, with the product added to and subtracted from the change.
Welch's t test using the MAS5 signals was used to test for differences in gene expression between CA and AA, and one-way analysis of variance was used to test for differences among the three response groups.
For each gene, the expression levels of posttreatment time points were compared to the baseline (pretreatment) expression levels using a paired t test of the MAS5 signals. Genes whose P value Յ0.001 and for which the absolute value of the change was at least 1.5-fold were selected as significant. Because of the filtering and differences in power, the numbers of genes considered to be significant in mutually exclusive and exhaustive subgroups will not necessarily add up to the number of genes considered to be significant in the entire sample. Genes that are significant in both racial groups contribute twice to the sum of genes but only once to the number of significant genes in the entire sample. On the other hand, gene expression differences that meet the change criterion may not meet the criterion of a P value Ͻ0.001 in either racial group but, due to the increased number of observations for the entire sample compared to each racial group, do have a P of Ͻ0.001 for the entire sample; such genes do not contribute to the sum of significant genes across racial groups but do contribute to the number of significant genes in the entire sample.
All analyses were performed using the R statistical language and environment. Microarray data accession number. Microarray data presented in this paper have been deposited with NCBI/GEO under accession no. GSE7123.
RESULTS
The baseline features of the three response groups are shown in Table 1 . The participants who were included in this analysis of gene expression were not representative of the total Virahep-C cohort since they were selected for nearly equal representation in the various race and response groups early in the study and the total cohort did not divide equally into these categories at the end of the study. Baseline features were similar across response groups, though marked responders had somewhat lower HCV RNA levels than the other response groups. However, this difference was not statistically significant (P ϭ 0.11). Ultimately, sustained virological responses occurred in 81% of the marked responders, 35% of the intermediate responders, and 8% of the poor responders. Characteristics of AA and CA were also similar (Table 2) , although AA tended to have lower alanine aminotransferase (ALT) values than did CA (P ϭ 0.01), a difference that was also found in the total Virahep-C cohort (6). Racial differences in sustained virologic response were not apparent (39% for versus 47% for CA; P ϭ 0.51), though they were in the total cohort, due to the selection criteria within each race whereby the three earlyresponse groups were nearly equally represented in each race.
Oligonucleotide microarray analysis of gene expression in PBMC demonstrated less difference among poor, intermediate, and marked viral responders before therapy than would be expected by chance. For example, of the 10,910 genes whose expression was detected at baseline in at least one patient in each response category (and whose fraction present was at least 0.5 in any one group) only 73 differed across response groups at a P of Յ0.01 and 2 at a P of Յ0.001, whereas 109 and 11, respectively, would be expected by chance at these significance levels.
Global gene expression response is greater in marked responders than in poor responders. Gene expression in PBMC changed substantially during peginterferon and ribavirin therapy, with major changes being evident by days 1 and 2 after the initial injection of peginterferon and administration of ribavirin. The numbers of genes that were significantly modified (absolute value of change greater than 1.5-fold and P Յ 0.001) at each time point for each response group and for each racial group within the response group are shown in Table 3 . Many genes were altered in expression at the early time points in patients in all three response groups. The number of differentially expressed genes dropped between day 2 and day 7 and increased again slightly between days 7 and 28. Postbaseline PBMC samples were generally taken before administration of interferon. For only one subject at two time points, samples were taken 4 h after administration of interferon; this did not appear to affect the results for this patient.
In another study, similar experiments were run with RNA samples taken directly from patient PBMC and cultured in vitro for 6 or 24 h with interferon/ribavirin, and similar patterns of gene induction or down regulation were obtained (34) . Likewise, samples processed immediately (without shipping) in an ongoing study show very little difference from the data in these experiments.
Within marked responders, there were more genes changed in AA than in CA at every time point (Table 3) . Among poor responders, the same relationship held except at day 28. The relationship was more mixed in intermediate responders, where more genes changed expression in AA than CA in the first 2 days after treatment but more genes changed expression in CA than in AA after that. The number of genes that changed in expression was greater in the marked responders than in the intermediate or poor responders at all time points. There was a smaller difference in the numbers of genes that changed in expression between the intermediate and poor responders at most points. Figures 1  and 2 show the numbers of genes whose expressions increased or decreased, respectively, using the change filter of 1.5-fold and a P value of Յ0.001. The numbers of genes that were increased in gene expression were far higher in the marked responders than in either the intermediate or poor responders, and the intermediate responders had numbers intermediate between the other two groups. Slightly more genes were upthan down-regulated. Although the differences among the three response categories of patients held for both up-and down-regulation of genes, the decline over time in numbers of down-regulated genes was much sharper than the decline in up-regulated genes.
Compared to the baseline expression, there was an interferon response in all three categories of patients at each time point. The increases in four well-defined interferon-stimulated genes (2Ј5Ј-oligoadenylate synthetase 1 [OAS1] and OAS2, MX1, and MX2 genes) are shown in Fig. 3 . At all time points, there was a significant difference in increases of these four genes between the marked and poor virological responders (P Ͻ 0.04 at each time point). There was less of a difference between marked and intermediate responders, and this difference did not reach statistical significance at every time point. Table 4 presents a selected group of genes that were upregulated in marked and poor responders by function. These genes were chosen from the total list (See Table S1 in the supplemental material) because of previous association with interferon activity or because they form a functional group. The change for genes in poor responders was consistently lower than that found in marked responders. Supplemental Table S1 presents a list of individual induced genes, for patients of all three response groups at different time points after treatment initiation. Supplemental Table 2 presents a list of those genes that were down-regulated on different days. The majority of genes that were down-regulated encode products which are involved in translational regulation, such as eukaryotic elongation or translation factors and ribosomal proteins. In general, these were down-regulated substantially in markedresponse patients but marginally in poor-and intermediateresponse patients. As in the case of up-regulated genes in patients, the magnitude of the decrease in gene expression in poor responders was considerably less than in marked or intermediate responders. Table 5 compares the response between AA patients and CA patients on day 1. The responses in terms of change (n-fold) were very similar between the two groups.
Most of the genes that were up-regulated during therapy and that are presented in Table 4 are well-known interferon-induced genes that have been described as being increased in expression in human PBMC in vitro with interferon stimulation (75% concordance) (34) . Many of the genes that were induced at days 1 and 2 were no longer increased in expression in PBMC collected at days 7, 14, and 28 (see Tables S1 and S2 in the supplemental material). Among the major genes with early transient expression were those encoding chemokines CXCL10 (IP10), CXCL11, CCL8, and TNFSF10 (TRAIL). Several of these genes are known to be strongly induced by gamma interferon (5, 14) . Other gamma interferon-induced genes such as the WARS, INDO, and caspase genes were also induced transiently at a low level during the first 24 h after the initial injection of peginterferon (see Table S1 in the supplemental material). However, gamma interferon mRNA was not detectable, nor was gamma interferon detectable by enzymelinked immunosorbent assay (data not shown). Other genes transiently induced include the interleukin-1Ra (IL-1Ra) gene, previously shown to be induced only during the first 48 h of treatment (7) . A subgroup of genes showed no change with time in any of the patient categories. These included those encoding IFI44, IFI44L, IFIH1, MX1, OAS2, SP100, SP110, IFIT1, IFITM1, and HERC6, genes known to be important in the antiviral response. Other genes such as the IFI27 gene increased with time in all three classes of patients. The function of this gene is unknown, but it was induced to very high levels (approximately 100-fold) by day 28. Other genes such as the carbonic anhydrase 1 gene were induced late (days 14 and 28) after treatment initiation.
DISCUSSION
The major finding of this study was that patients who exhibited a vigorous early virological response to treatment with peginterferon and ribavirin had concurrent vigorous alterations in PBMC gene mRNA levels, including genes whose levels were induced and repressed. Recognizing that several of the genes examined have expressions that may not meet the assumptions of the t tests, the analyses were repeated using a nonparametric rank sum test. Though this affected the results for some genes, the main conclusion that the number of genes whose levels were induced or repressed was greater among marked responders than poor responders remained true. Included in these genes whose expression was strongly altered were the classic interferon-induced genes. Thus, among marked responders (whose HCV RNA levels decreased by 3.5 logs or more 1 month after starting therapy) 655 genes were increased and 595 genes decreased in expression within 24 h of the first injection of peginterferon. For comparison, among poor responders (whose HCV RNA levels decreased by less than 1.4 logs after 1 month of therapy) the number of upregulated genes was only 336 and only 82 were down-regulated within 24 h of starting therapy ( Fig. 1 and 2) . This difference was not due to lack of compliance because the initial doses of peginterferon and ribavirin were administered under observation. These findings suggest that poor or nonresponse to interferon-based therapy in chronic HCV infection may be due to a blunted induction of interferon-responsive genes. The finding that large number of genes are "down-regulated" in marked responders and not in poor responders may be indicative of a lack of sufficient oligo(A) synthetase, resulting in lowered activation of RNase L (26, 28, 29) . However, a core of genes did appear to be actively down-regulated, since genes involved in translation regulation such as translation elongation factor and ribosomal protein genes appeared to be down-regulated in both marked and poor responders. Such genes have previously been reported to be down-regulated by alpha interferon in PBMC in culture (34) .
In the Virahep-C study, AA had lower rates of sustained response and higher levels of serum HCV RNA than CA at almost all time points (6) . The current analyses show that differences in the number of genes whose expression changed at least 1.5-fold between marked and poor responders in both AA and CA patients occurred within 24 h of starting treatment (Tables 4 and 5 ; Fig. 1 and 2 ). The level of gene expression and number of genes induced or down-regulated were considerably higher among marked virological responders than among poor responders (see Tables S1 and S2 in the supplemental material). However, it is puzzling that AA had higher numbers of genes induced and slightly higher levels of gene expression at day 1 than others. Alpha interferon is known to act through induction of a large number of genes, the exact number and pattern of which have only been partially identified (33, 34) . In this study, 801 genes were found to be increased during peginterferon and ribavirin therapy; many, but not all, of these were known interferon-induced genes (see Tables S1 and S2 in the supplemental material). While global interferon-induced gene expression was less among poor responders than marked responders, no specific gene could be linked to the differences in responses or to racial differences. Thus, poor or nonresponse appeared to be a global blunting of interferon cell signaling, rather than the lack of induction or function of a specific antiviral gene product. These data are in agreement with recent findings in which the gene expression of nonresponders was lower than that of responders when PBMC were cultured from such patients (16) . Despite differences in the microarray systems used and assessment of in vitro versus in vivo responses, the levels of induction (n-fold) for many genes were remarkably similar. However, He et al. (16) found that the levels of gene induction in white patients was higher than in black patients. However, we could not find any difference between the racial groups in this study in levels of gene expression. The present study demonstrates that, controlling for virological response, gene expression changes were actually more common, within 2 weeks of treatment initiation, in AA than CA patients who had a marked or poor response. The reason for this difference is not known.
Previous studies using cell culture systems have suggested that HCV replication or presence of HCV antigens may interfere with specific interferon-induced gene products, such as the well characterized antiviral enzymes OAS, protein kinase R, and adenosine deaminase (8, 10, 12) . The present analysis, in contrast, suggests that lack of response to administered interferon was due to an ongoing physiological defect that causes blunted regulation of interferon responsiveness. The blunted response might be due to a prior inflammatory response, interferon receptor deficiency or dysfunction, or lack of afferent cell signaling through the JAK-STAT pathway. In this regard, several recent studies in vitro and in vivo have suggested that a deficiency in STAT1 activation or DNA binding occurs in patients with chronic HCV infection (22) . Such findings are compatible with the findings in this study. In fact genes such as the IRF-7 gene (Tables 4 and 5 ), a key gene in induction of interferon, was induced compared to baseline at lower levels in poor responders than in marked-response patients, as was the cig 5 (viperin) gene, previously identified as being important in the interferon response to hepatitis C virus (17) . Toll-like receptor 7 (TLR7) has been shown to be important in the recognition of single-stranded viral RNA and subsequent signaling of the interferon, IB kinase ␣/␤/␥, and mitogen-activated protein kinase cascades leading to NF-B and AP-1 activation and to IRF-7 and interferon production (13) . Expression of the IRF-7 gene was increased from baseline to levels almost twice as high in marked-response than in poor-response patients and was thus strongly induced by peginterferon/ribavirin combination therapy.
Several limitations of the present findings deserve mention. First and foremost, the analysis of gene expression was conducted on PBMC and not on hepatocytes that harbor replicating HCV. Analysis of hepatocytes, however, requires liver biopsy, an invasive procedure which cannot be done repeatedly in humans during interferon therapy. Furthermore, analyses on liver tissue include PBMC and other nonparenchymal cells, and changes in expression in liver tissue may not reflect effects on hepatocytes only. Responses in PBMC are more likely to reflect a global response and not be under the local control of replicating virus or disease activity, which may modulate interferon responses. The chimpanzee model of HCV infection offers a potential approach to analyzing intrahepatic gene expression during interferon therapy (3, 21, 32) . However, chimpanzees respond minimally to human alpha interferon therapy, and interpretation of results has to take into consideration interspecies differences. A final limitation to this study was that it was based upon viral kinetic analyses done during the first 28 days of therapy and was not based on results of sustained virological responses. This design was purposeful, in that early virological responses are highly predictive of ultimate responses and are not affected by nonbiologic factors, such as dose modification, compliance, and dropout. Only patients who took the full prescribed dose of peginterferon were selected. Furthermore, the differences between responders and nonresponders in the strength of gene induction were found even at day 1, which occurred after an observed administration of peginterferon and ribavirin at the initiation of treatment. Thus, by using early viral responses, purely biological factors associated with response and nonresponse could be assessed.
In this study, a poor virological response to peginterferon and ribavirin therapy of HCV infection was found to be associated with global, blunted changes in interferon-responsive gene expression. These results indicate that the blunted response is not specific to the liver or to virally infected cells. This hyporesponsiveness may be determined by host genetics, or it may be due to an environmentally induced lesser sensitivity to interferon. It is also possible that PBMC are exposed to viral proteins in circulation or to hepatocyte-associated HCV antigens which might alter the immune response of such cells to interferon treatment. 
